Plant diversity, like that of most other taxonomic groups, peaks in the tropics, where climatic conditions are warm and wet, and it declines toward the temperate and polar zones as conditions become colder and drier, with more seasonally variable temperatures. Climate and evolutionary history are often considered competing explanations for the latitudinal gradient, but they are linked by the evolutionarily conserved environmental adaptations of species and the history of Earth's climate system. The tropical conservatism hypothesis (TCH) invokes niche conservatism, climatic limitations on establishment and survival, and paleoclimatic history to explain the latitudinal diversity gradient. Here, we use latitudinal distributions for over 12,500 woody angiosperm species, a fossil-calibrated supertree, and null modeling to test predictions of the TCH. Regional assemblages in the northern and southern temperate zones are less phylogenetically diverse than expected based on their species richness, because temperate taxa are clustered into relatively few clades. Moreover, lineages with temperate affinities are generally younger and nested within older, more tropical lineages. As predicted by the TCH, the vast majority of temperate lineages have arisen since global cooling began at the Eocene-Oligocene boundary (34 Mya). By linking physiological tolerances of species to evolutionary and biogeographic processes, phylogenetic niche conservatism may provide a theoretical framework for a generalized explanation for Earth's predominant pattern of biodiversity.
T he latitudinal gradient in species richness is one of the most consistent patterns in biogeography, but there is little consensus about the relative importance of the processes that generate it (1) (2) (3) . Climatic conditions vary strongly with latitude, and analyses based on current climatic conditions provide ample explanatory power, at least in a statistical sense, especially in plants (4, 5) . Plant diversity generally peaks where climatic conditions are warm, wet, and more seasonally stable, and declines as conditions become colder and drier, with more seasonally variable temperatures (4, (6) (7) (8) . However, it has been difficult to link these correlative approaches directly with the ecological, evolutionary, and biogeographical processes that generate and maintain biodiversity, namely, diversification (speciation − extinction), dispersal, and local coexistence (9) (10) (11) (12) (13) . Explaining such broad-scale patterns of diversity thus requires that we consider how climatic variation relates to the ecological processes that structure communities (e.g., physiological tolerances, species interactions) in an explicitly biogeographical and evolutionary context (11, (13) (14) (15) (16) . Here, we use latitudinal distributions for over 12,500 woody angiosperm species in the New World (17) and a fossil-calibrated supertree (18) (19) (20) (21) resolved to the family level to test whether the latitudinal biodiversity gradient shows evidence of historically contingent evolutionary processes. Specifically, we test several predictions of the tropical conservatism hypothesis (TCH).
The TCH (13) links environmental tolerances, diversification, dispersal, and evolutionary history based on two assumptions, one historical and one evolutionary. Historically, tropical (or "megathermal") environments were much more extensive during the Paleocene and Eocene (65 to 34 Mya) when many currently extant angiosperm lineages were diversifying (22) . Evolutionarily, the TCH proposes that due to environmental niche conservatism (23) , dispersal from the tropics into the temperate zones is limited by the ability of organisms from historically tropical lineages to adapt to colder, drier climates with more seasonally variable temperatures (23) . Based on this line of reasoning, high current tropical diversity results from a combination of (i) differential net diversification rates of tropical lineages due to larger cumulative area of tropical environments, (ii) greater time for diversification in tropical environments, and (iii) limited dispersal of tropical lineages into the temperate environments.
If the TCH is correct, evolutionary transitions between tropical and temperate environments should be relatively rare, because environmental tolerances are conserved. As a result, temperate taxa should represent a phylogenetically clustered subset of the overall species pool and temperate lineages should be nested within tropical clades (24) . Moreover, because angiosperms have been evolving for 140-200 million years (My) (19) and temperate and boreal environments have expanded at the expense of tropical environments only since cooling began in the Oligocene (34 Mya), most of these more temperate clades should have originated or diversified relatively recently.
Earlier studies of evolutionary diversity gradient hypotheses (24, 25) were hampered by limited data, but the tremendous growth and synthesis of biogeographical, paleontological,
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paleoclimatic, and phylogenetic data have reinvigorated evolutionary approaches to the latitudinal gradient (11) . Recent studies have found support for the TCH in frogs (26) , mammals (27) , butterflies (28, 29) , and vertebrates (30) . In contrast, a recent review of 111 phylogenies representing multiple taxonomic groups, including angiosperms, tested multiple alternative evolutionary hypotheses explaining the latitudinal gradient and found only limited support for the TCH (31) . In particular, the TCH was contrasted with the diversification rate hypothesis (DRH) and the "out of the tropics model" (OTM). However, these hypotheses are not strict alternatives; instead, they form a nested hierarchy, with more complex hypotheses adding assumptions to the simpler hypotheses.
The DRH is the least restrictive hypothesis, proposing that the tropics are more diverse simply because the net diversification rate (speciation − extinction) is higher there, whether due to the larger extent of tropical habitats over evolutionary time (32) , their climatic stability on multiple time scales (33) , or faster rates of molecular evolution and/or coevolution at higher temperatures (1, 34, 35) . The OTM builds upon the assumption of differential diversification rates in the tropics and adds differential dispersal from the tropics to the temperate zone, leading to a pattern of most temperate clades having tropical ancestors (32) . In turn, the TCH assumes both differential diversification and differential dispersal, but it further assumes that niche conservatism will limit dispersal out of the tropics to a few clades that develop the necessary innovations (36) . In addition, the TCH makes assumptions about the timing of dispersal out of the tropics, based on Earth's paleoclimatic history. Here, we focus primarily on the specific assumptions of the TCH (environmental niche conservatism and the timing of tropical-temperate transitions), although we also examine aspects of the OTM (i.e., differential dispersal, tropical nestedness of temperate clades) in the process.
With specific reference to plants, several recent studies support components of the TCH as a generalized explanation for the latitudinal gradient in angiosperms. On the broadest scale, the diversity of trees across 11 regional forested biomes is correlated with the time-integrated area of that biome since the Eocene (55 Mya) (37) , but not with current biome area, which supports the time-for-speciation and cumulative area components of the TCH but does not address the phylogenetic composition of the different biomes. Conversely, a study of over 11,000 Southern Hemisphere plant species demonstrates that shifts from one biome to another are evolutionarily quite rare (38) , which implies environmental niche conservatism, but it does not address biogeographic patterns of diversity among biomes. Finally, a global compilation of angiosperm family distributions shows that among arborescent families, the average age of families declines from the tropics into the temperate and boreal zones, as predicted by the TCH (10). However, although temperate families are a nested subset of tropical families (10) , and plant physiology and ecology are reasonably conserved at the family level (39) (40) (41) (42) , the phylogenetic conservatism of latitudinal distributions has never been tested directly.
Here, we use data compiled by Weiser et al. (17) to test whether the TCH can help explain the latitudinal gradient in woody angiosperms (species with persistent, perennial stem tissue, including trees, shrubs, lianas, and hemiepiphytes) in the New World. When growth form information about species was lacking, we included taxa as woody if their genus or family was characteristically woody. These data, drawn from a large synthesis of herbarium records, field guides, and published vegetation surveys, describe the latitudinal distribution based on the northernmost and southernmost records of 12,521 species from 169 families, with range limits spanning from 54.8°S to 74°N latitude. Based on a recent estimate of roughly 150,000 species of seed plants in the New World (43) , and assuming that 95% are angiosperms and that ∼40-60% of angiosperms are woody (36), we estimate that our data represent ca. 15-22% of the total diversity of woody angiosperm species in the New World. We focus on the angiosperms because they represent a monophyletic lineage that has undergone substantial diversification since the Cretaceous. Focusing on woody angiosperms also limits variation in life history characteristics that may influence both rates of diversification and biogeographic patterns, which often differ between herbaceous and woody taxa (3, 10, 44) . Although our dataset is both taxonomically and geographical broad, it should be noted that species locations are undoubtedly undersampled in the tropics, especially relative to the northern temperate zone. Also, because of our focus on woody species (which are better sampled geographically in the tropics), we are missing or grossly undersampling clades that are dominated by herbaceous taxa. We take these unavoidable limitations into account when interpreting our results.
Based on these distributional data, we calculated a "tropicality index" (TI) for each species as the proportion of its latitudinal range that falls within the tropics minus the proportion of the latitudinal range that falls within temperate areas, which produces a continuous measure from −1 (temperate only) to 0 (onehalf temperate, one-half tropical) to 1 (tropical only). Because range sizes and range boundaries of woody plants are closely associated with environmental factors (45, 46) , we use TI as a proxy measure of environmental habitat affinity, rather than geographic distribution per se. Although this purely latitudinal definition of "tropical" is very coarse and undoubtedly misclassifies the habitat affinity for some taxa (e.g., tropical montane species), we lacked the comprehensive geographical range information that would be necessary to describe the environmental tolerances of so many species in greater detail, especially for tropical taxa. For convenience, we refer to species or lineages as "temperate" if more than three-fourths of the latitudinal range is in the temperate zone (i.e., −1 ≤ TI ≤ −0.5) and as "semitemperate" if between one-half and three-fourths of the latitudinal range is in the temperate zone (0 ≤ TI < −0.5), with similar definitions for tropical lineages and taxa.
By combining this distributional information with a phylogeny that is well resolved to the family level and reasonably dated based on fossil calibrations (47, 48) , we test the key predictions of the TCH: i) Temperate zone regional assemblages should represent a phylogenetically nonrandom subset of New World plant diversity; temperate species should not simply be drawn at random from across the phylogeny, and characteristically temperate lineages should be nested within older, more tropical clades. ii) The "tropicality" of lineages should be highly conserved, reflecting the evolutionary inertia of environmental tolerances, and transitions out of the tropics (or out of the temperate) should be relatively rare. iii) Finally, most of the temperate lineages should have arisen only since the Eocene-Oligocene boundary, when the Earth began to cool and tropical environments contracted relative to the temperate and boreal zones.
Results
As predicted by the TCH, the woody angiosperm floras of the temperate zones were less phylogenetically diverse than expected (Fig. 1) . After standardization for differences in species richness, temperate latitudes in both the Southern and Northern Hemispheres exhibited a lower than expected phylogenetic diversity value (PD z ). In the Northern Hemisphere, clustering actually begins south of tropical boundary, and in both hemispheres, the PD z rises from the warm temperate zone toward the poles, even as richness continues to decline. Interestingly, latitudinal bands directly on the equator were actually more phylogenetically diverse than expected, even though they accounted for well over one-half of the species in the database. The distribution of species' TIs was highly skewed and bimodal, with 10,271 tropical species (0.5 < TI ≤ 1) and another 1,646 temperate species (−1 ≤ TI ≤ −0.5; Fig. 2 ). Of the remaining 604 species, 350 were semitropical (0 < TI ≤ 0.5) and 254 were semitemperate (−0.5< TI ≤ 0). The distribution of tropicality values estimated for 1,329 ancestral nodes exhibited a similar negative skew, with a vast majority of tropical lineages (Fig. 2,  Inset) . Interestingly, almost all temperate (100%) and semitemperate (92%) nodes and 52% of semitropical nodes exhibited tropicality values that were more temperate than expected, based on a null model randomizing geographical distributions across the tips of the tree (Fig. 2, blue bars) . Despite the dominance of tropical taxa in the dataset, 20% of tropical nodes were even more tropical than would be expected if geographical distributions were distributed at random over the phylogeny.
The temperate and semitemperate species (TI < 0) were clearly clustered together and nested within more ancient tropical lineages (Fig. 3) . Most prominently, temperate species are strongly clustered in several fabid lineages (Fagales and Rosales) and lineages in the basal superasterids (Caryophyllales, Ericales, and Cornales), as well as in a few less speciose campanuliid, lamiid, and basal eudicot lineages (Table S1 ). At the same time, temperate species were broadly distributed across the phylogeny. At least one temperate or semitemperate species occurred in 103 of the 169 families in the dataset, but only 66 families contained more than two. In contrast, tropical or semitropical taxa occurred in all but seven families. Although temperate and semitemperate species (TI < 1, n = 1,883) made up only 15% of the species, they made up more than one-half of 23 families. Thus, tropicality appears to exhibit a high degree of phylogenetic structure, as predicted by the TCH.
Evolutionary transitions in tropicality were strongly biased toward the tropical and temperate extremes (Fig. 4 ; χ 2 test: χ 2 = 6,923, df = 9, P > 10 −15 ), which further supports the assumption of niche conservatism. Transitions out of the tropics were estimated to be quite rare; the descendants of tropical ancestors retained tropical affinities in 94% of the divergences. Temperate lineages displayed similar conservatism, with temperate ancestors producing similarly temperate descendants 90% of the time (Fig. 4) . Conversely, semitropical and semitemperate lineages tended to diverge, producing either more tropical or more temperate descendants. However, despite the relative rarity of evolutionary transitions away from the tropics, 44% of temperate lineages exhibit tropical or semitropical ancestry, in support of the OTM, simply because of the enormous number of tropical lineages.
Temperate and semitemperate ancestors (TI < 0) are not only far more prevalent than expected at random (Fig. 2, Inset) but largely confined to the past 34 My, as predicted by the TCH (Fig.  5, gray box at right) . Even though most nodes are relatively recent, temperate and semitemperate nodes are significantly younger than tropical and semitropical nodes overall (Wilcoxon rank sum test: W = 71,291, P = 0.002). Interestingly, several of the more ancient temperate lineages originate either within or quite close to earlier cool periods documented in the paleoclimatic record (49).
Discussion
Our results strongly support the core predictions of the TCH: temperate assemblages represent phylogenetically clustered subsets of woody angiosperm diversity nested within tropical clades, and transitions to temperate habitats are evolutionarily rare, phylogenetically conserved, and concentrated in the past 34 My. The strength of the pattern we find is especially striking because tropical species are almost certainly undersampled in our dataset relative to the temperate species. Adding more species isolated to the tropical environments (TI = 1), and mostly within tropical lineages, would only strengthen the conclusions drawn here. Thus, the TCH is likely an important part of any explanation for the latitudinal species richness gradient in woody angiosperms in the New World.
Our observation that temperate affinities occur mostly in younger lineages is qualitatively consistent with a recent global study of family richness patterns documenting younger average family ages in the temperate zone (10; see also SI Text and Figs. S1 and S2). However, the link between family ages, per se, and the TCH is obscured by the fact that the stem-group ages of most families predate the Oligocene cooling. By using the TI and estimating ancestral states, we were able to avoid the limitations of focusing solely on a single arbitrary taxonomic level and current biogeographic distributions. Although many temperate species are clustered within a few clades, most of the temperate nodes are at the level of genera within families. Thus, many temperate families also contain tropical taxa, and, in turn, they are nested within more tropical lineages.
The strong support we find for the TCH in angiosperms conflicts with a recent survey of 111 phylogenies representing vertebrates, invertebrates, and angiosperms (31) , which, in contrast to other recent studies (e.g., ref. 30) , finds that transitions from the tropics to the temperate zones are relatively common, in support of the of the OTM rather than the TCH. However, this conclusion may be biased in two ways. First, Jansson et al. (31) assess whether transitions are common by quantifying the fraction of temperate lineages with tropical ancestors, which ignores the fact that even if transition to the temperate by tropical lineages is exceedingly rare, as we find here, many temperate lineages will still have tropical ancestry simply because there are so many more tropical lineages. Second, by limiting their sample to clades that contain both temperate and tropical taxa, these authors may, in fact, overestimate the frequency of transitions by ignoring the many tropical lineages that remain in the tropics, and thus contain no temperate taxa.
In contrast, our analysis may underestimate the frequency of tropical-to-temperate transitions due to several limitations of our dataset. First, because our data are confined to the New World, we miss transitions that occurred in the Old World for cosmopolitan lineages. Second, because we examine only woody taxa, we miss lineages that transition to the temperate by adopting an herbaceous habit, which is a common adaptation to freezing temperatures (24, 36) . Third, because our purely geographic designation of the tropics is binary, we may classify as tropical some lineages that, in fact, are adapted to temperate-like environments. At the same time, our unavoidable undersampling of tropical taxa may lead us to overestimate the frequency of transitions from the tropics to the temperate. These empirical constraints can only be resolved through the integrative development of global, taxonomically comprehensive distributional, phylogenetic, climatic, and ecophysiological data resources.
Keeping these caveats in mind, several subtler aspects of our results warrant further comment. First, temperate assemblages in the Northern Hemisphere appear to be more phylogenetically distinct than in the Southern Hemisphere. The difference may be due to the lower level of sampling in the Southern Hemisphere, as evidenced by the fact that our dataset includes just 179 southern temperate zone species, compared with 1,704 northern temperate zone species. However, the PD z measure controls for differences in species richness. Thus, this result likely reflects the fact that biomes dominated by temperate-adapted woody vegetation are both of much smaller extent and more geographically isolated in the Southern Hemisphere than in Northern Hemisphere, providing both more area and more time for diversification in the northern temperate zone (37, 50, 51) .
Second, it is also interesting that the two latitudinal bands adjacent to the equator (which contained 7,368 of the 12,521 species) were also phylogenetically overdispersed. A similar pattern of regional phylogenetic overdispersion observed among palms (Arecaceae) worldwide (including equatorial South America) has been ascribed to contact zones between biogeographic realms (52). These observations suggest that the recent recognition of a Panamanian zoogeographic zone that is distinct from the traditional Neotropical biogeographic zone (53) may apply to plants as well. On a more regional scale, the east-west rainfall gradient of equatorial South America and the development of complex topography with the Andean uplift during the Cretaceous to Oligocene (54) may contribute to phylogenetic overdispersion through the turnover of lineages along environmental gradients [phylogenetic β-diversity (55, 56) ].
Third, the increase in phylogenetic diversity from the warm temperate zone to the poles may be related to patterns of latitudinal extent. In our data, latitudinal extents increase with latitude, especially in temperate North America (17) . Among North American tree species, this increase in range size with latitude, known as "Rapoport's rule" (57) , is consistent with the hypothesis that a latitudinal gradient in climatic variability selects for species with broader climatic tolerances at high latitudes (45) . As a result, high-latitude temperate assemblages tend to represent biogeographic subsets of those found at lower latitudes. Thus, although the transition from the tropics to the temperate zone involves the loss of larger, more deeply rooted tropical clades, reductions of species richness at higher latitudes occur mostly through the loss of small-ranged taxa toward the tips of the phylogeny.
Finally, several of the temperate lineages originating long before the Oligocene may have been associated with earlier cool periods (Fig. 5) , which suggests that the TCH may explain earlier colonizations of the temperate zone as well. Paleoclimate proxies suggest generally warm temperatures before the Oligocene, with a greatly reduced temperature gradient from the equator to the poles (58, 59) . However, the late Cretaceous was punctuated with several shorter cooling episodes, some lasting several My (49, 60, 61) , and the first angiosperm-dominated deciduous forest environments appeared during the middle to late Cretaceous, often at very high latitudes (22, 62, 63) . Thus, the same dynamics of temperate adaptation and niche conservatism could apply during these shorter Cretaceous cool periods as well. Clearly, the phylogenetic and paleoclimate age estimates we use here are subject to considerable uncertainty; however, as the temporal and spatial resolutions of paleoclimate reconstructions and the fossil calibrations of molecular phylogenies improve, the evolutionary details of paleobiogeographic patterns should come into clearer focus.
Phylogenetic niche conservatism provides a biological link between the physiological tolerances of species and the evolutionary processes that generate patterns of biodiversity along environmental gradients (10, 11, 13, 23, 25, 39) . As such, our analyses indicate that although climate and evolutionary history are often considered competing hypotheses for explaining the latitudinal gradient (1, 2), they are, in fact, complementary (14, 16, 64) . For example, Hawkins et al. (10) found that in explaining the latitudinal gradient and angiosperm family richness, more than two-thirds of the explanatory power of climate was confounded with family age, making it impossible to separate the two influences. The correlation between climatic and biodiversity gradients stems from how long-term variation in climate affects macroevolutionary processes. By integrating both evolutionary and ecological processes that generate biodiversity gradients, the niche conservatism perspective may provide a framework for bringing together disparate hypotheses that have all too frequently been considered in isolation. Any generalized explanation for Earth's predominant pattern of biodiversity will clearly have to be flexible enough to provide this sort of synthesis.
Materials and Methods
Data. We obtained data on the ranges of 12,521 woody angiosperm species (perennial trees, shrubs, lianas, and hemiepiphytes), representing 169 families, from the Synthesis and Analysis of Local Vegetation Inventories Across Scales (SALVIAS) database (www.salvias.net), which is drawn from an extensive compilation of field guides, regional floras, and online herbarium databases (17) . A breakdown of species among the major angiosperm lineages is provided in Table S1 .
Our phylogeny was based on the consensus supertree of the Angiosperm Phylogeny Group (65, 66) . In particular, we used the angiosperm tree provided by Phylomatic (www.phylodiversity.net, tree R20120892) (48) . We then used divergence time estimates based on 560 angiosperm taxa, three genes, and 35 fossil calibration points (19, 47) to assign ages (in My) to 109 nodes within the phylogeny. Whenever the two calibration studies conflicted, we used dates from the more recent study (47) . The remaining nodes were assigned an age corresponding to the midpoint between their nearest dated ancestral and descendent nodes using Phylocom (67) . Because of the large taxonomic scope of our data and the poor resolution of most intrafamilial phylogenies, we treated all confamilial genera and congeneric species as polytomies unless they were resolved in the original supertree. The coarseness of our phylogenetic resolution and dating procedure places limits on the details of our analysis, but this lack of precision should not bias our ability to detect broad patterns across 144 My of evolution and 12,521 taxa.
As described above, we assigned each species a TI, based on its latitudinal range boundaries, using 23.5°N and S as the tropical boundaries. To compile regional assemblages along the latitudinal gradient, we tallied the species overlapping each 5°latitudinal band from −50°S to 70°N.
Analyses. To test whether temperate taxa are a phylogenetically restricted subset of New World angiosperms, we calculated Faith's phylogenetic diversity (PD) (68) for each latitudinal band using the Picante package in R 2.15.2 (69, 70) . Because PD depends on species richness, we standardized the PD z by subtracting the mean and dividing by the SD of a distribution of values from 999 randomizations of the species identities across the tips of the phylogenies. If the observed PD z was in the lower 2.5% of the random distribution (α = 0.05, two-tailed test), the assemblage in that latitudinal band was considered phylogenetically clustered, given the species richness of that band and the underlying phylogeny. Likewise, an observed PD z in the upper 2.5% of the distribution signifies phylogenetic overdispersion of the species present in the band.
To estimate ancestral tropicality values, we compared multiple models of character evolution, including white noise (WN), Pagel's λ-transformed random walk (RW), Brownian motion (BM), and Ornstein-Uhlenbeck processes, using the R package GEIGER (71) . A comparison of Akaike's information criterion for the different models suggested that the RW model provided the best fit to the data with λ = 0.76 (Tables S2 and S3 ). We then used maximum likelihood methods to reconstruct ancestral tropicality values based on sequential rerooting of the phylogeny [the fastAnc function in the R package Phytools (72) ]. Ancestral estimates from the different models (except WN, which ignores the phylogeny) were highly correlated with one another (r = 0.92-0.98; Tables S2 and S3 ) and with estimates made using Felsenstein's (73) contrast method, made using Phylocom (74) (Fig. S3) . Thus, although we present the RW estimates, our results do not depend upon a particular model of character evolution. The alternative estimates are provided in SI Text. Node estimates (from Felsenstein's contrast method) were compared with 999 randomizations of species across the tips of the phylogeny to identify lineages that are significantly more tropical or more temperate than expected. For tree manipulation and visualization, we used the APE package (75) . All R code used in the analysis is available from the corresponding author (A.J.K.). 
